Traditional dc-dc converter topologies interface two power terminals: a source and a load. The construction of diverse and flexible power management and distribution (PMAD) systems with such topologies is governed by a tight compromise between converter count, efficiency, and control complexity. The broader impact of the current research activity is the development of enhanced power converter systems suitable for a wide range of applications. Potential users of this technology include the designers of portable and standalone systems such as laptops, hand-held electronics, and communication repeater stations. High power topology options support the evolution of clean power technologies such as hybridelectric vehicles (HEV's) and solar vehicles. DC-DC converter is considered as an advanced environmental issue; since it is a greenhouse emission eliminator. By utilizing the advancement of these renewable energy sources, we minimize the use of fossil fuel. Thus, we will have a cleaner and pollution free environment. In this paper, a three-port DC-DC converter have been designed and discussed. The converter was built and tested at the energy research laboratory at Taibah University, Al Madinah, KSA.
I. INTRODUCTION
he integrated power electronic converters are important for systems that are capable of harvesting power from solar sources, fuel cells and mechanical vibrations used in applications such as communication repeater stations, sensor networks, hybrid electric vehicles and laptops [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] . Moreover, multi-terminal interface is important since such systems require mass energy storage to compensate for the mismatch between the sourcing and loading power patterns over a regular operational cycle. For example, a solar system, consisting of a regulated load interfaced to a solar array, requires storage batteries for storing excess power and resupplying it to the load when needed. Limited research
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activities on multi-terminal converter topologies have been reported in open literature, with very few commercially installed systems in industry. Interesting ideas for multisourced converters with multiple control variables have been introduced based on the fly back (buck-boost) converter topology.
An investigation of conventional system architectures, composed of two-terminal converters, emphasizes the significance of the advent of practical and flexible single-stage multi-terminal converters. Following on the battery-backed solar system example, the main candidate architectures are [11] [12] [13] [14] [15] [16] [17] : 1. Two stage interface: The solar array is interfaced to an intermediate battery-dominated bus allowing MPPT, as shown in 2. Fig. 1 , with another converter stage interfaces that bus to the load. The main disadvantage of this scheme is that solar power goes through two loosely conversion stages, before reaching the load.
Independent charge and discharge:
The battery bidirectional converter can be split into two unidirectional converters: a charger interfaced to the input bus, and a discharge converter interfaced to the load bus, as seen in Fig. 2 . This assures that power goes through one conversion stage when traveling between any two terminals, allowing for higher efficiency. The price paid is an additional converter, increasing the size, weight, cost, component count, and control complexity of the system. We believe that due to the added complexity, together with increased losses, size, weight, and cost, as well as decreased reliability, has impeded wide-spread adoption of such architectures for many applications. The potentially profitable MPPT technology has been very difficult to justify in many applications given the cost and control complexity overhead. An integrated three-terminal converter that performs the functions of the three-converter structure using a single power stage can overcome these challenges, and is thus very attractive. The proposed three-ports DC-DC converter will be used in so many real applications such as hybrid cars, communication towers and solar arrays.
Innovation in the Power Stage
Single converter stage interface of three power terminals is targeted: a source, a load, and a bidirectional terminal for power storage. Isolation through a transformer is required for the load terminal for: 1. Design flexibility with high voltage step-up/down ratios 2. Flexible series/parallel converter connection in modular designs, and compatibility with NASA's Series Connected Boost Regulator (SCBR) concept, [10] , as well as the Power Electronics Building Blocks (PEBB's) approach [11] . 3. User/operator safety Achieving the power management objectives using a twoconverter approach requires a minimum of one non-isolated and one isolated topology. The addition of a third converter helps increase efficiency, and requires an additional isolated converter. Options for converter selection are summarized below. Note that buck-boost and fly-back converters are not considered since they are not practically suitable for medium and high power applications due to large inductor/transformer current values, and high output capacitor current ripple.
The use of a buck or a boost, together with a push-pull converter, allows a small switch and diode count, but requires too many magnetic components. The transformer required has a center-tapped input, reducing the utilization efficiency of the core. Replacing the push-pull with a half-bridge or an active clamp forward circuit simplifies the transformer, but requires the addition of a storage capacitor. The full-bridge option is more suitable for higher power levels and lower input voltages at the cost of a high active switch count.
II. ANALYSIS, MODELING AND CONTROL OF THREE-PROT DC-DC CONVERTER OF USE
The three-port DC-DC Converter, shown in Fig. 3 , is the modified version of PWM half bridge converter that includes three basic circuit stages within a constant-frequency switching cycle to provide two independent control variables. The switching sequence shown in the figure ensures a clamping path for the energy of the leakage inductance of the transformer at all times. This energy is further utilized to achieve zero-voltage switching (ZVS) for all primary switches for a wide range of source and load conditions. Full-bridge converters are more suitable for higher power applications, typically above 1kW. Applying the same concept of dual use of the phase legs, a three-terminal topology can be derived from the full-bridge circuit. The bidirectional terminal of this topology is controlled by changing the duty cycle of the phase legs to achieve the target voltage ratio. The two phase legs need to maintain equal duty cycles. The load terminal is controlled by phase shifting the driving waveforms of these two phase legs relative to each other, just like the ZVT fullbridge topology.
The steady-state voltage relationships, assuming CCM operation of the load filter inductor, are given by:
given that
where: D is the duty cycle of each phase leg φ is the phase shift between the two phase leg waveforms This topology operates as boost-derived push-pull converter when supplying energy from the bidirectional terminal to the load. This topology is thus an attractive alternative for low voltage storage devices since it saves on the turns-ratio of the transformer and simplifies its design. The center-tapped transformer and the bidirectional terminal inductor assembly are suitable for being wound on a single core, in an integrated magnetic fashion. PLECS simulation results are shown in Fig4. Again, control was adjusted at t=5ms and at 10ms to independently control the voltages of the load and bidirectional terminals. Converter ability to handle negative current in the bidirectional terminal was verified. The small signal model is tailored for deriving multi-port DC-DC converters under different modes of operation. It is difficult to define different modes since there are various modes of operation. After we define the mode, a competitive method is used to realize smooth and seamless mode transition.
As we mentioned before, the converter topologies proposed in this work present new control challenges to the power electronics community. The proposed topologies call for a PWM that creates switching waveforms that have two independent variables, based on two error signals, derived by two feedback controllers, each tightly regulating a different control variable. Also we mentioned that digital control is a strong candidate for such topologies because of its flexibility, and the ability to perform complicated feed-forward and loop decoupling functions. Digital control is an indispensable tool for the development phase, since it is capable of realizing a variety of customized modulator structures. The digital control architecture that is used to regulate different power ports is shown in Fig. 5 . There are many control loops named as follows; The mode transition and control structure for both operational modes are tested through a 200 W prototype. Power stage's input port, battery port and output port are marked as in the prototype photo. It consists of two boards, power stage board and controller board. All feed-back control loops' compensators are implemented by a direct digital design method. Fig. 7 shows the waveforms when the power is transferred from input port to the output load port, while battery port is chosen to be open. Output inductor current ILo has four stages, and transformer magnetizing average current Ipri is zero, implying no battery power. Fig. 8 shows the waveforms when the most power is transferred from input port to the battery port. Output inductor current ILo average represents the load current, which is zero. Therefore, negative ILo is observed. Ipri average value represents the battery current, which is 7A. Fig. 9, Fig. 10 and Fig. 11 show the gating signal Vgs and switching node Vsw wave forms of the switches S1, S2 and S3, respectively. The conclusion is that all three main switches can achieve ZVS, because they all turn on after their Vds go to zero. Fig. 7 Loading output port when the battery current is zero. Fig. 8 Loading battery port when the output current is zero. Fig. 12, Fig. 13 and Fig. 14 show the efficiency curves when the power is transferred from one port to the other port. The highest efficiency is observed when the power is transferred from solar port to battery port. The reason is that this operation has minimal transformer losses, since the power is exchanged within the primary side. Fig. 12 The efficiency when the power is transferred from solar port to output port. Fig. 13 The efficiency when the power is transferred from solar port to battery port.
Proceedings of the 2014 International Conference on Circuits, Systems and Control Fig. 14 The efficiency when the power is transferred from battery port to output port. Fig. 15(a) shows mode transition from Battery-balanced Mode (Mode 1) to Battery regulation Mode (Mode 2) when battery maximum voltage setting of 29 V is reached. Solar panel first works under IVR control with MPPT to maximize solar power, then it is forced to operate in solar panel's voltage source region when IVR loses control and BVR takes control over d2, so the input port provides power balance after the transition into battery regulation mode. It can be seen that the transition of the proposed competitive method is smooth and causes no oscillation that is experienced with the sudden transition of duty cycles. The battery voltage has 0.5V overshoot, and input voltage has 2.5V overshoot, both are within acceptable range according to specifications. Fig. 15(b) gives Mode 2 to Mode 1 transition when load level suddenly increases to force the battery to source instead of sink. Since battery voltage setting cannot be met during discharging, d2 will be controlled by IVR since BVR quickly loses control, and solar panel quickly reacts to work under MPPT control so as to harvest maximum available solar power, and battery becomes to provide the power balance in Mode 1. Fig. 16(a) shows the input voltage, battery voltage and output voltage response to a load transient between 1A and 3A
in Battery-regulation Mode. Output voltage transient response of 500us settling time is much faster than battery voltage settling time of 40ms because OVR bandwidth is ten times larger than that of BVR. Input voltage changes according to load level changes because input port provides power balance. Fig. 16(b) demonstrates the system transient response in Battery-balanced Mode when MPPT is active. The load step is from 1A to5A. Input voltage response to load transient of 20ms settling time is much slower than output voltage settling time of 500us because IVR crossover frequency is set at one tenth of that of OVR. Input voltage remains uninterrupted at around MPP even during load changes, which is the unique feature of three-port converters, because MPPT and load regulation cannot be achieved simultaneously by conventional two-port converter. 
IV. CONCLUSIONS
In this paper, a new three-port converter interfacing the renewable energy input, battery terminal as well as output terminal is proposed. Its operation principle is analyzed in details and a small signal model is derived to guide the controller design. Simulation was carried out to verify the proposed converter. Experimental results show that the proposed converter has the capability of regulating the output voltage while maintaining the power balance between inputs and output power, which is very suitable for renewable energy applications. Dr. Batarseh's power electronics research focuses on the development of high frequency power converters for solar energy conversion, and to improve power density, power factor, efficiency and performance. The research includes the analysis and design of high frequency dc-to-dc resonant converter topologies; dc-ac inverters, low-voltage dc-dc converters, small signal modeling and control of PWM and resonant converters; power factor correction techniques; power electronic circuits for distributed power systems applications. His has published many journal and conference papers and a textbook entitled "Power Electronic Circuits" in 2003. Dr. Batarseh is a co-founder for two start-up companies: Advanced Power Electronics Corp. (APECOR) and Petra Solar.
Proceedings of the 2014 International Conference on Circuits, Systems and Control
Proceedings of the 2014 International Conference on Circuits, Systems and Control ISBN: 978-1-61804-216-3
